Abstract-Problems of the theory of radio absorbers (RAs) involving frequency selective surfaces (FSSs) are considered. A design procedure for these RAs is described that takes into account the multiparameter character of the problem and allows one to determine the optimal characteristics of an FSS that provide the maximal operating bandwidth. RAs for a range of 1-17 GHz are obtained on the basis of polymer composites filled with carbonyl iron and Co 2 Z ferrite, into which an FSS in the form of a biperiodic array of thin metal rings is embedded. It is shown that the application of such an FSS allows one to increase the operating frequency bandwidth of a magnetic-type RA by a factor of more than 1.5 virtually almost without increasing the thickness of the absorber. Substantially, several types of FSS-based layered magnetodielectric RAs have been produced by compressing molding technique, including a 3-mm-thick RA with an operating bandwidth of 1.05-2.7 GHz, a 2-mm-thick RA with an operating bandwidth of 1.7-4.4 GHz, and a 1.6-mm-thick RA with an operating bandwidth of 6.7-16.1 GHz.
modern life. There are a variety of electron devices that radiate electromagnetic energy into the environment, thus causing many serious problems such as electromagnetic interference (EMI), electromagnetic compatibility (EMC), and a hazardous effect of electromagnetic waves on living organisms. One of the main means for solving these problems is RAMs. The frequency interval of 0.8-10 GHz, in which many communication and information-transmission systems operate, is of particular importance. There are a large number of publications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] devoted to the design of RAMs in this and other frequency intervals. An RA, which reduces the reflection of incident electromagnetic wave (EMW), represents a layer (layers) of a RAM placed on a metal surface.
Any RA operates in a limited operating frequency band. The usual method for expanding the operating frequency band of an RA consists in using multilayer structures instead of singlelayer ones. However, this increases the thickness and the weight of RAs. Today there exist several leading manufacturers of a wide assortment of RAs, such as the FDK Corporation (Japan) and Laird Technology Company (USA). Thin RAs offered by these manufacturers operate in narrow frequency bands, while broadband RAs have thickness of about 30-60 mm. Thus, the design of thin and simultaneously broadband RAs is a topical problem.
Any single-layer RA is characterized by a certain matching frequency and matching thickness for which the reflection coefficient is minimal. The values of and can be determined either by graphical [16] or analytic [5] methods from the complex permittivity and permeability data. In [5] , the values of and were determined for polymer composites filled with various types of carbonyl iron (CI). It was shown that the matching frequency can be tuned within a wide range by varying the type and concentration of CI. However, although the frequencies belong to the relevant microwave band, the absorption bands of the RA are relatively narrow. For instance, the ratio of the extreme frequencies of the operating bands (measured at dB level of the reflection coefficient) lies in the interval 1.5-1.8.
One of efficient methods for expanding the range of operating frequencies of RAs is the application of FSSs to the design of RAs [6] [7] [8] [9] [10] [11] [12] [13] [14] . The effect of FSSs on the reflection characteristics of an RA based on lossy dielectrics is demonstrated in [6] and [7] . In [8] [9] [10] , the authors considered an RA based on dielectrics and FSSs made of resistive elements. In [11] and [12] , the authors proposed a microgenetic algorithm (MGA) for the design of broadband RAs. In [13] , the authors investigated the frequency and angular characteristics of the reflection coefficient of the so-called Circuit Analog Absorbers, which are made of resistive films with frequency selective properties. These authors showed that broadband RAs with small reflection coefficient can be designed for both normal and oblique incidence of TE-and TM-polarized waves. However, since the RAs considered in the above-cited papers were based on FSSs embedded in nonmagnetic materials, they had relatively large thicknesses. In [14] , the control of the absorption characteristic of an RA with the use of an FSS is illustrated by an example of polymer composites filled with different types of CI. The theoretical methods for studying FSSs (including cascaded FSSs in a dielectric medium) developed earlier in [17] [18] [19] [20] [21] [22] [23] allow one to calculate the characteristics of RAs with FSSs.
In the present paper, we describe a design procedure for RAs based on polymer magnetic composites that include FSSs. For different regions of the frequency band 1-17 GHz, we use composites filled with different types of CI and a ferrite of type Co Z. The measured reflection characteristics are compared with the results of computation by the method of integral equations.
II. FUNDAMENTAL CONSIDERATION AND ANALYSIS

A. Approximate Theory for the Design of RA With FSS
Schemes of RAs with FSSs are shown in Fig. 1(a) and (b) . In the scheme of Fig. 1(a) , an FSS (1) is embedded into the layer of a RAM (2) placed on a metal plane (3) . In the scheme of Fig. 1(b) , an FSS is separated from the RAM by thin layers (4) of a low-loss dielectric. An FSS in the form of a two-dimensional array of thin metal rings is shown in Fig. 1(c) . When choosing a preliminary structure of an RA, namely, the type of the FSS and the thicknesses and of layers, it is expedient to apply an approximate approach that takes into account the generalized characteristics of an FSS in free space: the resonance frequency and the quality factor . In this approach, one first determines the equivalent impedance of the FSS embedded into an infinite magnetodielectric with electric and magnetic losses ( Fig. 2(a) and (b)) and then applies the transmission line technique to calculate the reflection coefficient of the structure shown in Fig. 1(a) . The formula for the equivalent impedance [14] is expressed as (1) where and are complex permittivity and permeability, respectively;
The reflection coefficient of the RA with an FSS can easily be obtained by well-known formulas from transmission line theory.
When the FSS is brought close either to the metal plane or to the external surface of the RA, formulas (1)-(3) cease to be valid. For example, when the FSS is placed on the surface, the permittivity and the permeability in these formulas should be replaced by their averaged values and .
B. Rigorous Theory
Consider the problem of reflection of a plane EMW from a multilayer structure shown schematically in Fig. 3 . The structure consists of four magnetodielectric layers placed on a metal plane and a planar patch biperiodic metal array enclosed between the second and third layers.
The method of analysis is based on the numerical solution of an integral equation of the first kind for the surface current in the metal elements of the array. The integral equation is derived by a procedure similar to that used in [17] , [22] , and [23] .
The multilayer structure considered in the present study is different from the structures considered in [22] and [23] both in the position of the FSS in the material and in the presence of a metal plane on the backside of the structure.
Since the integral equation for multilayer structures is too bulky, we will use a recurrence expression for this equation.
Suppose that a plane EMW is incident on the structure. The Cartesian coordinates of the electromagnetic field in this wave are proportional to , where is the wave vector and the dot denotes the scalar product of vectors. Below, we will denote by a bar below a character two-dimensional transverse vectors that have only -and -components. For example, we denote the projection of onto the plane by . It is obvious that (4) where and are the polar and azimuth angles that determine the propagation direction of the plane wave and are the unit vectors along the coordinate axes.
The kernel of the integral equation for current in a conducting element of the array is expressed in terms of Floquet functions, which are defined as follows: (5) where (6) and are the dimensions of the unit cell (periods) of the biperiodic array.
Let us introduce two mutually orthogonal unit vectors and by the formulas (7) The symbol denotes vector multiplication. The transverse coordinates of the electromagnetic field of the Floquet modes propagating in a homogeneous medium with number are expressed in [17] as (8) The subscripts and correspond to TM-and TE-modes. The upper and lower signs in (8) correspond to the modes propagating in the positive and negative directions of the axis . The quantities are propagation constants of the Floquet modes in a magnetodielectric medium with permittivity and permeability (9) The quantities are the characteristic admittances of the traveling Floquet modes: (10) In the absence of a metal array, the problem of transmission of a Floquet mode with indices through a multilayer magnetodielectric medium is solved easily, because there are no mode conversion at the boundaries of the media and on the metal plane. Therefore, the fields in the th layer are expressed as (11) The unknown amplitudes and of counterpropagating Floquet modes can be determined from a system of algebraic equations that are obtained from the continuity conditions for the vectors and on the boundaries between media. The kernel of the integral equation for current contains terms expressed through the solutions of two auxiliary electrodynamic problems on the propagation of Floquet modes in a multilayer medium without a metal array.
1. Consider a Floquet mode satisfying the condition that the vector vanishes on the metal plane situated on the back side of the multilayer magnetodielectric structure.
Denote by the ratio of the field amplitudes and on the boundary with number between layers and . It is obvious that (12) The quantities with are determined by successive application of the descending recurrence formula (13) We also introduce (14) This function possesses the following property: if we denote by the amplitude of the electric vector of a standing mode on the boundary with number , then (15) 2. Consider another field pattern of the Floquet mode that has a form of a wave propagating in the negative direction of in the left half-space ( in expression (11)). Denote by the ratio of amplitudes of the vectors and on boundary . On boundary 1 we have (16) Here with are determined by the following ascending recurrence formula: (17) Let us pass on to the problem of diffraction of a Floquet mode by the structure shown in Fig. 3 . We will assume that a mode incident on the structure has unit amplitude of the electric field and is characterized by indices . Denote by and the tangential components of the magnetic field on the left and right of the metal array situated on boundary 3. In the unit cell of the array, we introduce a vector function by the formula (18) The function is proportional to the surface current and is different from zero only in the domain occupied by metal. Introduce (19) where the asterisk denotes complex conjugation. The required integral equation is expressed as (20) When a plane wave is incident on the structure, the reflected field is expressed as a superposition of Floquet modes with in- 
dices
. The amplitudes of these modes are represented in terms of the solution of integral equation (20) by the formula (21) where is the Kronecker delta. The components of the matrix of reflection coefficients of a plane incident wave are expressed in terms of as follows: (22) Here and are the copolarization reflection coefficients, is the cross-polarization reflection coefficient for a TM-wave, and is the cross-polarization reflection coefficient for a TE-wave.
Integral equation (20) is solved numerically by the Galerkin method.
C. An Example of Calculating an RA With an FSS
The aim of the analysis is to determine the effect of the FSS characteristics and the position of the FSS in the material on the operating bandwidth of the RA. To this end, we calculated the frequency dependence of the reflection coefficient from the RA for the scheme shown in Fig. 1(a) and for an FSS in the form of a biperiodic array of thin metal rings embedded in a radioabsorbing material representing a polymer composite filled with carbonyl iron-Material II described in Section III.A. The electromagnetic characteristics of Material II are shown in Fig. 4 .
The dimensions , and for several variants of FSS and the values of and used in the calculations are given in Table I . This table also presents the resonance frequencies and the Q-factors of these FSSs in free space calculated according to [22] , as well as the extreme frequencies and at a level of dB of the reflection coefficient. The results of rigorous calculation of the reflection coefficient from the RA for normal incidence of EMW are shown in Fig. 5(a)-(d) by solid lines. The numbers of curves in the figures correspond to the numbers of variants in Table I . The number "0" denotes the case when there is no FSS in the composite. This curve attains its minimum at the matching frequency. The dashed curves correspond to variant 3 calculated by the approximate method described in Section II.A. Fig. 5(a) shows the frequency dependence of the reflection coefficient from the RA for several values of and the same values of
and . An increase in the resonance frequency of the FSS leads to a gradual change in the frequency dependence of the reflection coefficient. First, an additional minimum arises in the left part of curve 1, which then moves to the right and simultaneously becomes deeper (see curve 2). In this case, the main minimum slowly moves to the right and becomes shallower. Then both minima become equal in amplitude (see curve 3) , in which case the absorption bandwidth at a level of dB attains its maximum. The resonance frequency of the FSS embedded in the material is close to the matching frequency of the RA, GHz. According to variants 3, 5, 6 and 7 in Table I , the maximal relative operating bandwidth of the RA weakly depends on the position of the FSS in the material in a rather wide range of values of -, although any position of the FSS corresponds to specific values of the generalized characteristics of the FSS ( and ). This situation also occurs with other types of RA made of materials I, III, and IV, whose compositions and characteristics are presented in Section III.A. Fig. 5(b) -(d) also shows the frequency dependence of the reflection coefficient for an oblique incidence of TE-and TM-polarized waves by dotted line and dash-and-dot lines, respectively. As the angle of incidence increases, the reflection coefficient for TM-polarized waves decreases, whereas that for TE-polarized waves increases. However, the value of the reflection coefficient averaged over both polarizations varies little, up to . However, at angles of incidence above 60 , the value of the reflection coefficient for TM-polarized waves starts to increase and approaches unity as . To illustrate the role of FSS in expanding the operating frequency bandwidth of a magnetic-type RA, we consider an absorber structure in which FSS is situated on the surface of the RA (variant 7). Fig. 6 shows the frequency dependence of the equivalent admittance of a layer without an FSS ( Fig. 6(a) ), equivalent admittance of the FSS on the surface of the layer (Fig. 6(b) ), and the sum (Fig. 6(c) ). These functions are also shown in the Smith chart (Fig. 6(d) ), where curve 1 corresponds to , curve 2, to , and curve 3, to . At the matching frequency , the imaginary part of vanishes, while its real part is close to unity, which guarantees low reflection coefficient ( dB) at this frequency. The deviation of frequency to either side from leads to a small variation of the real part of admittance; however, the absolute value of the imaginary part rapidly increases, thus leading to the increase of the reflection coefficient. When an FSS is placed on an RA layer, the admittance of the RA is given by the sum , where the imaginary parts of and have opposite signs and compensate each other. As a result, the imaginary part of the sum approaches zero in a wide frequency range, the operating bandwidth of the RA increases, and the reflection coefficient as a function of frequency has a shape of a double-hump curve.
Note that one can reduce the reflection coefficient of an RA down to dB in a relatively wide frequency band (Table II) . Calculations have shown that this can be attained at high of the FSS in the following two cases: when (variant 8 in Table II ) and when (variants 9 and 10 in Table II ). The frequency dependence of the reflection coefficient for these variants is shown in Fig. 7 .
D. Design Procedure of an RA With an FSS
Now, let us describe the design procedure of an RA with an FSS, which allows considering the multivariable character of the task.
First, we choose an RAM for which the matching frequency lies in the required operating frequency band of the RA. Naturally, the complex permittivity and permeability of this material are already known. The matching frequencies correspond to matching thicknesses , which are equal to . Next, we choose the ratio within the interval 0-2. Applying the transmission-line method, we determine and that guarantee the maximal operating bandwidth. The next step consists in choosing the type of a stopband FSS, i.e., choosing the period, as well as the shape and size of individual elements of the two-dimensional array. A mandatory requirement imposed on FSS is the stability of and under different polarizations and angles of incidence of an electromagnetic wave. According to [18] , an FSS with elements in the form of circular and square rings or Jerusalem crosses exhibits high angular stability. In the case of circular or square rings, the period and the size of elements of the FSS for given values of and can be obtained by the methods described in [17] [18] [19] [20] [21] [22] .
The shape of the rings is determined by the required value of . For example, a value of is obtained in FSSs made of circular rings; to obtain , one should use FSSs with square rings.
After evaluating all the basic parameters of the FSS, we should determine them accurately by rigorously calculating the reflection coefficient; in this way we can take into account the effect of gaps between metal elements of the FSS and the RAM. Therewith, to compensate the effect of these gaps, it suffices to reduce the resonance frequency of the FSS by proportionally increasing the dimensions of the FSS structure ( , and ). The procedure described allows one to determine the parameters of the FSS and thus expand the dB-bandwidth of a thin single-layer RA of thickness matched to free space at 
III. EXPERIMENTAL SETUP
A. Materials and Samples
The basic components for the fabrication of soft magnetic polymer composites are the following fillers: CI powders of types HQ and ES (BASF, Germany), ferrite powders of type Co Z (Ba Co Ti Fe O ) (Ferrite Domen Co, Russia), glass microspheres of type MSVP A9 (NPO Stekloplastik, Russia), and a polymer binder-a silicon elastomer SYL-GARD 184 (Dow Corning, USA). The glass microspheres were used to improve the homogeneity of the CI particle distribution in the composite, as well as to control its complex permittivity. Individual layers of polymer composites were fabricated as follows. First, the basic components were mixed in the required proportion to give a homogeneous mixture. Then, the mixture was placed in a press form and cured for four hours at temperature of 80 C. After curing, the final product was extracted from the press form.
In this work, we used four types of polymer composites, which had the following compositions and density % SYLGARD 184, g/cm ; Material IV: 50 vol. % Co Z and 50 vol. % SYLGARD 184, g/cm . These polymer composites have low dielectric losses irrespective of the filler type. However, magnetic losses of CI filled composites are higher when compared with composites based on Co Z (Fig. 4) .
The FSS represents a two-dimensional grating of ring-shaped conducting elements (Fig. 1(c) ).
The main characteristics of RA samples, as well as the dimensions of the FSS ( , and ) and its position in the RA structure ( and ) are shown in Table III .
The RA samples were designed from polymer composite layers and an FSS. The use of several layers of composites of different thickness allowed one to vary both the thickness of a sample and the position of the FSS in the sample.
B. Test Apparatus
The complex permittivity and permeability of polymer composites were measured by an Agilent E49991A RF Impedance/ Material Analyzer in the frequency range of 0.01-2 GHz and by a resonator method involving R2 scalar network analyzers, in the frequency range of 2-17 GHz.
The reflection coefficient of the samples was measured by a reflectometer [24] in combination with an HP 8720C Vector Network Analyzer in a laboratory anechoic chamber. To increase the accuracy of these measurements, we applied the technique of subtracting the background level and the time-domain separation of the reflected pulse.
IV. RESULTS AND DISCUSSION
The measured reflection coefficients as a function of frequency for ten samples are shown by solid lines in Figs. 8-12 . The numbers of the curves in these figures correspond to the numbers of samples in Table III , and the number "0" indicates that a sample does not contain an FSS. The sample thicknesses are close to the matching thickness. Fig. 10 clearly illustrates the variation of the frequency dependence of the reflection coefficient as the size of the rings decreases (which corresponds to the increase in the resonance frequency of the FSS). This variation qualitatively reproduces the variations of computed curves in Fig. 5(a) . The main difference is that the size of the rings for calculated curves is approximately half that for the measured ones. This result is attributed to the fact that the computations did not take into account the gaps between metal elements of the FSS and the RAM. The results of rigorous calculations, which take into account the above gaps, are shown by dotted lines in Figs. 8, 10 , 11, and 12 for samples 2, 7, 9, and 10, respectively.
The extreme frequencies and of the operating frequency bands at a level of dB of the reflection coefficient are shown in Table III . One can see that the type of a material allows one to vary the operating frequency bands of RAs over the region from 1 to 17 GHz. For instance, operating frequency bands for samples made of Material I, which is characterized by the maximal values of , and , lie in a lower frequency domain than those for samples made of other materials. For example, for sample 1, the operating frequency band is 1.05-2.7 GHz with the ratio of extreme frequencies . Samples 9 and 10, which are made of Materials III and IV, respectively, have higher operating frequency bands. For example, the operating frequency band of sample 9 is 6.7-16.1 GHz with the ratio of extreme frequencies 2.4. For samples 1-4, 7, and 9, this ratio lies within the range 2.3-2.6. These results do not contradict the bandwidth estimates by using the data in Table I .
V. CONCLUSION
We have demonstrated the efficiency of application of FSSs to controlling the characteristics of thin RAs based on polymer magnetic composites in the range of frequencies from 1 to 17 GHz. Two types of CI that differ in electromagnetic characteristics and a microwave ferrite with Co Z-type structure have been used as fillers of RAMs.
Approximate analytic expressions for calculating the reflection coefficient from an RA with an FSS and a rigorous theory of multilayer magnetodielectric structures with FSS allow one to carry out a full design of microwave absorbers.
As FSSs, it is recommended to take biperiodic arrays of metal elements in the form of circular or square rings, because the characteristics of these arrays are stable with respect to the angle of incidence of EMW.
In the approximate calculations, we have used generalized characteristics of FSSs (the resonance frequency and the Q-factor ), and the electromagnetic characteristics of the material into which an FSS is embedded.
The results of rigorous calculation of the reflection coefficient, based on the solution of an integral equation by the Galerkin method, do not contradict the results of calculations obtained by the approximate method.
We have shown that, for any position of the FSS in the RA layer, there exist optimal values of generalized characteristics of the FSS that provide the maximal operating bandwidth at a reflection coefficient of dB or lower. We have proposed a design procedure for thin RA FSS structures that allows one to take into account a large number of parameters of the problem (the characteristics of the material and the parameters and position of the FSS). First, one determines the thickness of the RA, which is equal to the matching thickness of the given RAM. Then, one chooses the position of the FSS in the RAM layer and determines the generalized characteristics of the FSS, which are optimal for the given position. Finally, one determines the size of the FSS structure by rigorous calculation and makes corrections to take into account the gaps between metal elements of the FSS and the RAM.
Substantially, several types of FSS-based layered magnetodielectric RAs have been produced by compressing molding technique, including a 3-mm-thick RA, a 2-mm-thick RA, and a 1.6-mm-thick RA with dB bandwidths of 1.05-2.7 GHz, 1.7-4.4 GHz, and 6.7-16.1 GHz, respectively.
Thus, we have shown both theoretically and experimentally that the application of an FSS allows one to increase the operating frequency bandwidth of a magnetic-type RA by a factor of more than 1.5 virtually without increasing the thickness of the absorber.
